We have investigated decoherence in Josephson-junction flux qubits. Based on the measurements of decoherence at various bias conditions, we discriminate contributions of different noise sources. We present a Gaussian decay function extracted from the echo signal as evidence of dephasing due to 1=f flux noise whose spectral density is evaluated to be about 10 ÿ6 0 2 =Hz at 1 Hz. We also demonstrate that, at an optimal bias condition where the noise sources are well decoupled, the coherence observed in the echo measurement is limited mainly by energy relaxation of the qubit. DOI: 10.1103/PhysRevLett.97.167001 PACS numbers: 74.50.+r, 03.67.Lx, 85.25.Cp A Josephson-junction qubit is a macroscopic quantum object realized in superconducting electric circuits [1] . As a solid-state device sitting in the midst of the circuit and on top of the substrate, the qubit inherently interacts with various degrees of freedom which decohere the qubit. For understanding and suppressing the decoherence mechanisms, it is important to identify the dominant noise sources among the many possibilities.
We have investigated decoherence in Josephson-junction flux qubits. Based on the measurements of decoherence at various bias conditions, we discriminate contributions of different noise sources. We present a Gaussian decay function extracted from the echo signal as evidence of dephasing due to 1=f flux noise whose spectral density is evaluated to be about 10 ÿ6 0 2 =Hz at 1 Hz. We also demonstrate that, at an optimal bias condition where the noise sources are well decoupled, the coherence observed in the echo measurement is limited mainly by energy relaxation of the qubit. A Josephson-junction qubit is a macroscopic quantum object realized in superconducting electric circuits [1] . As a solid-state device sitting in the midst of the circuit and on top of the substrate, the qubit inherently interacts with various degrees of freedom which decohere the qubit. For understanding and suppressing the decoherence mechanisms, it is important to identify the dominant noise sources among the many possibilities.
A strategy to tackle this problem is to use the tunability of the qubit. By changing a bias parameter, one can control the qubit energy as well as the coupling between the qubit and a particular degree of freedom in the environment [2] . Therefore, the measurement of the decoherence as a function of the bias parameters provides valuable information about the environmental degrees of freedom. Such a strategy has been applied to charge-phase qubits [3, 4] , charge qubits [5, 6] , flux qubits [7] , and phase qubits [8, 9] .
In this Letter, we report a detailed characterization of decoherence in flux qubits based on a similar approach. In a range of bias conditions, we identify flux noise as the dominant source of the qubit dephasing. We observe dephasing due to 1=f flux noise which gives rise to a characteristic Gaussian decay function that seems to be hidden in the previous studies by other decoherence mechanisms [4, 7] . We also quantify the noise spectrum density. On the other hand, we show that at an optimal bias condition, where those noises are effectively decoupled from the qubit, the echo decay rate [3:5 s ÿ1 in one sample] is about a half of the energy-relaxation rate and is limited mainly by the latter process.
The effective Hamiltonian of a flux qubit can be written as H 0 ÿ " 2 z ÿ 2 x , where z and x are Pauli matrices [10] . The energy difference between the two eigenstates is given by E 01 " 2 2 p . Here is the tunnel splitting between two states with opposite directions of persistent current along the loop, " 2I p 0 n ÿ n is the energy bias between the two states, and I p is the persistent current along the qubit loop. We define the normalized magnetic flux in the qubit loop n ex = 0 , using the externally applied flux through the qubit ex and the flux quantum 0 . As the flux qubit we study is coupled to a SQUID for readout ( Fig. 1) , the SQUID bias current I b also affects flux in the qubit. The normalized I b -dependent flux is thus defined as n I b 0:5 ÿ I b = 0 so that n n corresponds to " 0, i.e., degeneracy of the two persistent current states. Note that I b affects the qubit only through the flux I b I b which is induced by the circulating current in the SQUID loop [11] .
We characterize the coherence of the qubit through measurements of energy-relaxation, free-induction decay (FID), and echo decay. From those measurements, we deduce the energy-relaxation rate as well as the pure dephasing components in the decoherence. Pure dephasing is caused by the fluctuations of E 01 which are induced by the fluctuations of parameters i in the Hamiltonian. Here i 's could be n and I b as well as other implicit parameters inside and I p , such as the island charge offsets and the junction critical currents in the qubit. Through the two externally controlled parameters n and I b , we vary the coupling factor @E 01 =@ i and observe the change in the dephasing. Since the derivatives @E 01 =@ i depend differently from each other on the control parameters n and I b , and assuming that the fluctuations of i are independent of the control parameters, we can separate the contributions in the dephasing from different sources.
The experiments were done with samples fabricated by electron-beam lithography and shadow evaporation of Al films (Fig. 1) . The qubit is the small superconducting loop intersected by four Josephson junctions [12] , among which one is smaller than others by a factor of 0:56. We have studied five similar samples, and here data from two representative samples are presented. Spectroscopic measurements revealed that I p and =h were 0:16 A and 5.445 GHz for sample A, and 0:34 A and 5.08 GHz for sample B, respectively. The SQUIDs had maximum critical currents of 3:6 and 7 A, and the switching currents under the flux bias used in the qubit readout were 1:6 and 4:6 A, respectively.
The qubit is initialized to the ground state by relaxation and is controlled by a sequence of resonant microwave pulses. The amplitude and the width of the pulses are adjusted so that the desired qubit rotations are implemented. At the end of the pulse sequence, the qubit state is read out by using the SQUID [13] . As the qubit in its eigenstates has a finite expectation value of the persistent current (except for n n ), the critical current of the SQUID is slightly varied corresponding to each eigenstate. Accordingly, the switching probability of the SQUID into the voltage state, responding to a current pulse with a given amplitude and a width, is different for each eigenstate of the qubit [14] . The switching probability P sw , which thus reflects the population of the qubit eigenstates, is obtained by repeating the procedure -initialization, control, and readout -a number of times (typically 10 4 ) and counting the switching events. Figure 2 shows the results at the optimal bias condition n n and I b I b , where both @E 01 =@n and @n =@I b were set to zero so that the dephasing due to fluctuations of n and I b is minimal [7, 12] . We find that energy-relaxation and echo signals decay exponentially with rates ÿ 1 and ÿ 2E , respectively, and moreover ÿ 2E ' ÿ 1 =2. Therefore, at this bias condition the coherence observed in the echo measurement is limited mainly by the energy-relaxation process. In the analysis of P sw as a function of the readout current pulse height (data not shown), we have also found that the qubit relaxes mostly to the ground state, not to the mixture of the ground and excited states. This excludes any classical noise from the possible source inducing the relaxation and suggests that the spontaneous decay of the qubit is the dominant process.
Next we study how the fluctuations of I b affect the coherence of the qubit. We show that we can discriminate the contribution from that of n fluctuations, even though the I b fluctuations also couple to the qubit through the flux degree of freedom n . First, we present the result of qubit spectroscopy at various I b . For each I b , we swept n and In each panel, the plot with a longer decay time is for sample A, and the other is for sample B. The insets depict the applied pulse sequence for each measurement. In the measurement of free-induction decay, the microwave carrier frequency was detuned from the qubit frequency E 01 =h by 10 MHz. Solid curves in (a) and (c) are exponential fits. 
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167001-2 found a minimum of E 01 to determine n , which is plotted in Fig. 3(a) . Notice that at n n , E 01 and @E 01 We find a few characteristic behaviors in the decay measurements at the bias conditions along the line n n I b (Fig. 3) . The ÿ 1 can be compared with the expectation from Fermi's golden rule at n n , i.e., ÿ 1 =2@
. Therefore, we can estimate the current noise spectrum at the qubit frequency S I b E 01 =@ 2 5:445 GHz 4:4 10 ÿ27 A 2 s=rad corresponding to the zero-point fluctuations of an impedance 270. Also, the fourth power term in ÿ 'E can be understood as a result of the twofold quadratic couplings between E 01 and n , and n and I b [12, 17] . Having seen that the I b fluctuations can be well decoupled at I b I b , we now focus on the effect of n fluctuations. Compared to the measurements above, measurements at n Þ n show qualitatively different behaviors (Fig. 4) : (i) The energy-relaxation rate ÿ 1 is almost constant in the range of n , while the dephasing is strongly enhanced as jn ÿ n j is increased a little.
(ii) The echo decay curves are not purely exponential any more, and the extracted dephasing component he i't i E is fitted with a Gaussian decay, expÿÿ 
. The Gaussian decay function is characteristic of the 1=f noise spectrum which has a singularity at low frequency. The n dependence of ÿ g 'E follows j@E 01 =@n j j"j= " 2 2 p , which is basically linear in the range of n studied, as shown in Figs. 4(b) and 4(e) .
Free-induction decay measurement also supports the interpretation. As shown in Figs. 4(c) and 4(f), the Gaussian decay rate ÿ g 'E at large jn ÿ n j was between 4.5 and 7.5 for all the samples measured, which demonstrates that the echo procedure largely suppresses the dephasing and that the flux noise has a significant amount of low-frequency spectral weight. The ratio ÿ cutoff which would make the ratio larger, as suggested in Ref. [4] for 1=f charge noise. However, such a cutoff should modify the Gaussian decay function of he i't i E , which we did not observe.
We evaluated the amplitude of the 1=f flux noise from the j@E 01 =@n j fitting of ÿ g 'E and obtained A n q 9:3 10 ÿ7 and 9:9 10 ÿ7 for samples A and B, respectively [19] . Three other samples also gave 1:1 ÿ 2:0 10 ÿ6 reproducively, though the origin of the 1=f flux noise remains to be understood. One may suspect that the critical-current fluctuations of the SQUID junctions produce the 1=f flux noise via the change of the SQUID circulating current. However, the normalized 1=f criticalcurrent fluctuations of the reported value 10 ÿ6 2 =Hz at 1 Hz [20,21] would give at most 1% of the A n q for the mutual inductance of 20 pH between the qubit and the SQUID. It may be worth mentioning that in SQUIDs with much larger dimensions a similar amount of low-frequency flux noise has been known for a long time [22] and not yet understood either.
It is also interesting to compare the present result with a previous work on a flux qubit where the dominant dephasing was attributed to thermal fluctuations of photon numbers in the plasma mode of the readout SQUID [7] . There are a few noticeable differences in the result of Ref. [7] : (i) The echo decay was exponential; (ii) ÿ 'E scaled with @E 01 =@n 2 as a function of n ; (iii) the echo decay rate was smallest at n Þ n when I b Þ I b . In our experiment, ÿ g 'E was smallest at n n for any I b (data not shown). Indeed, our estimation shows that, even in the presence of the same amount of 1=f flux noise as in our samples, the contribution would have been concealed by the photonnumber fluctuations in the sample in Ref. [7] . In the present work, on the other hand, the dephasing rate due to the photon-number fluctuations is more than an order of magnitude smaller. This is mainly because the coupling factor j@ 2 n =@I 2 b j, which increases rapidly when the bias flux through the readout SQUID approaches half-integer flux quanta, is about 5 times smaller in our samples.
In conclusion, we have studied decoherence in flux qubits. We presented the qualitative difference between decay functions at different bias conditions and characterized the noises contributing to the decoherence. We demonstrated that 1=f flux noise constituted one of the main decoherence sources. On the other hand, the effect was suppressed at the optimal flux bias point where the energyrelaxation process turned out to be the limiting factor of the coherence in the echo decay. Reducing the energyrelaxation rate is the key issue in improving the coherence of flux qubits further.
